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Compressive-stress-induced T, increase of the low-T, Bi, 6Pbp 4Sr2Ca2Cu, o„phase
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The effect of compressive stress on T, is studied for the low-T, Bil 6Pb0 4Sr2Ca&Cu30 phase. Al-

though stress decreases the T, of the high-T, sample, the small compressive stress increases the T,
of the low-T, phase. The maximum T; is about 113.6 K at 0.01 mA/mm (current density) and

3.92 N/mm of the low-T, phase where T; is 96.2 K before loading. The maximum T; is larger
than the unloaded value (109.3 K) of the high-T, Bi& 6Pbp 4Sr2Ca2Cu30, sample. Based on the re-

sults of x-ray-diffraction, electrical-resistivity, and Seebeck-effect measurements, the T, is dominat-

ed by carrier concentration and crystal perfection of the lattice ordering.

I. INTRODUCTION

From an engineering point of view, it is important to
know the effect of compressive stress on T, . Effects of
compressive stress on T, have been reported for
YBa2Cu307 y Although the compressive stress in-

creased T,'" and T, ', the remarkable T,' increase with
pressure had never been reported. However, we have re-
cently found the small compressive-stress-induced T,' to
increase for YBazCu307 y Thus, we undertake to ob-
tain information of the influence of the stress on T, for
the low- ( T, =96 K) and high- ( T, = 109 K) T,
Bi, 6Pbo 4Sr2Ca2Cu30, samples.

II. EXPERIMENTAL PROCEDURE

Samples with nomina1 composition were prepared by
high-purity powders of CuO (99.9 mass%), PbO (99.9
mass%), SrCO3 (99.9 mass%), CaCO& (99.9 mass%), and

Bi203 (99.99 mass%). The powders were mixed and sin-

tered in air at 1023 K for 8 h and then air cooled. After
crushing, the sintered powders were resintered in air at
1073 K for 18 h and then air cooled. After crushing, a
pellet-shaped tablet, 2 mm thick and 13 mm in diameter,
was sintered in air at 1123 K for 12 h (low-T, sample)
and 75 h (high-T, sample) and then furnace cooled.

The compressive stress was provided by a mechanical
tester. The electrical resistivity (Refs. 4 and 5) and See-
beck eff'ect (Refs. 6 and 7) were measured in the tester.
The stress was loaded by the stainless-steel rod attached
to the specimen on the copper block. The electrical resis-
tivity was measured using a standard four-probe tech-
nique and a Keithley 181 nanovoltmeter. The tempera-
ture was measured by an Au-Fe-chromel thermocouple
attached to the specimen in a cryostat at equilibrium tem-
peratures. The structure of the samples was tetragonal.

III. RESULTS AND DISCUSSION

A. T, measurement

Figure 1 shows the temperature dependence of electri-
cal resistivity (R) of the unloaded and loaded (3.92

N/mm ) Bi, 6Pb0 4Sr2Ca2Cu30„. The lower the tempera-
ture, the lower the electrical resistivity becomes. Offset

T,' and onset T,'" of the transition are defined as the
temperatures corresponding to the achievement of zero
resistivity (below 10 0 m at 1 mA/mm of the current
density) and to the deviation of the electrical resistivity.
The deviated point is taken at d (R /R 300 K )/1 T =0.004,
where d(R/R30Q K )/dT and R3Q0 + are the slope of the
reduced electrical resistivity (R /R3QD Q) against the tem-
perature graph and the resistivity at 300 K, respectively.
The midpoint is designated as T, ' .

Figures 2 and 3 show changes in T,', T, ', and T,'"
with compressive stress. The solid and dashed lines are
for the low- and high-T, samples, respectively. The small
stress enhances T,', T, ', and T,'" of the low-T, phase
(solid lines), although the values decrease in the high-T,
sample (dashed lines). The slope of T;" is larger than
that of T,' below the maximum value of the solid lines;

T, decreases above the maximum value. The maximum
values of T;, T, ', and T;" are found at 3.92 N/mm
(solid lines). The maximum T; is about 113.6 K at 0.01
mA/mm of the current density for the low T, phase-
which T,' is 96.2 K before the loading. The maximum
value is larger than the unloaded value (109.3 K) of the
high-T, Bi~ 6Pbp 4SrzCa&Cu30„sample.

B. X-ray diSraction

Figure 4 shows x-ray-diffraction peaks of the (002)
plane for the low- and high-T, Bi~ 6Pb04Sr2Ca2Cu30,
samples. The low T, (96.2 K) samp-le shows at 5.9' of the
(002) peak angle and shows that the double CuO layer ap-
pears. On the other hand, the high-T, sample has two
(002) peaks at 5.9' and 4.8' (Ref. 9). The high-T, phase
(above 100 K) often has the triple CuO layer, which peak
is found at 4.8 . Thus, the high-T, sample is a mixture of
the high-T, and low-T, phases.

Figures 5 and 6 show the changes in the lattice con-
stant (c) and full width at half maximum intensity
(FWHM) against the compressive stress of the unloaded
Bi& 6Pb0 4Sr2CazCu30 samples after the loading. The
solid line is for the low-T, phase. The dashed lines are
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FIG. 1. Changes in electrical resistivity (R) vs temperature
( T) for unloaded (~) and loaded (3.92 N/mm ) ( 0 )

Bi) 6Pb{) 4Sr2Ca2Cu30 .
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FIG. 4. X-ray diffraction pattern of the (002) plane for low-

and high-T, Bil 6Pbp 4Sr&Ca2Cu30 samples.
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FIG. 2. Changes in the superconducting transition tempera-
ture ( T, ) with compressive stress (o ) for the

Bi) 6Pbp 4Sr2Ca2Cu30 phases at 1 mA/mm' of current density.
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FIG. 5. Changes in the lattice constant (c) against compres-
sive stress (o. ) of unloaded Bi, 6Pbp 4Sr&Ca2Cu30, samples after
loading.
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FIG. 3. Changes in the offset temperature (T, ) of the super-
conducting transition temperature with compressive stress (o. )

at 0 01 mA/mm' of current density for the
Bi I 6Pbp 4Sr2Ca&Cu30 phases.

4
~0.18 ~L

4b

0.16 o',

QO. 'l4-

l o w - Tc hi9h Tc
12h 0
75h ~

k
I
II

IIIII 0

.12

0.)
0

0
I

2 4 6
a {N/mm2)

FIG. 6. Changes in FWHM against the compressive stress
(o. ) of unloaded Bi, 6Pbp 4SrzCa2Cu30 samples after loading.
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FIG. 7. Changes in electrical resistivity (R) against compres-
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FIG. 8. Changes in density of state (N) against compressive
stress (u) for the low-T, Bi, 6Pbp 4Sr,Ca2Cu30„phases.

for the high-T, sample. The small load decreases the lat-
tice constant for 1.96 N/mm of the unloaded sample
after the loading (see Fig. 5). The small load decreases
FWHM for 3.92 N/mm (see Fig. 6). FWHM is the
width of the x-ray-diffraction peaks at half height. Thus,
the small compressive stress enhances the crystal perfec-
tion of the lattice ordering. These results mean that the
small stress easily moves the atoms distributed in expan-
sive (uncompressive) sites, whereas the stress does not
easily move the atoms in the compressive sites. Namely,
the stress decreases the lattice constant and FWHM. The
smaller the FWHM, the higher the degree of the crystal-
lattice ordering becomes, resulting in high T, by the
small amount of the stress in the low-T, phase.

The excess stress increases FWHM and slightly de-
creases the lattice constant. They show that the large
stress moves the atoms in the compressive stress and dis-
orders the crystal-lattice ordering. Although the similar
changes in c and FWHM are found for the high-T, sam-

ples (dashed lines in Fig. 6), the T, increase has never
been observed. The slight increases in the lattice con-
stants are found above the minimum point (see dashed
lines in Fig. 5). It shows that some disaccommodations
(such as microcracks} exist. If the more careful treatment
is performed without any disaccommodation, the stress-
induced T, increase will probably be found in the high-T,
Bi, 6Pbo. 4Sr2CazCu30„samples.

C. Electronic discussion

c'=N/exp[(+eQ/k) —A] . (2)

To obtain c', the density of state (N) is calculated by the
use of the electrical resistivity (R, ). N is expressed by the
following

N=A'/R»'
e (3)

Here, A ' is a constant that is dominated by the electron
mass, charge, Planck constant, and mean free path. If
the stress does not largely change their values, the N
value is inversely proportional to the R,' value.

Figure 7 shows the change in the electrical resistivity
against the stress. The small compressive stress decreases
the resistivity and increases the density (see Fig. 8). Here,
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FIG. 10. Changes in the Seebeck coefficient (Q) against the
offset temperature (T; ) of the superconducting transition for
(La, Ba ),Cu04 (Refs. 12 and 13) and YBa,Cu30y (Refs. 13
and 14), together with the unloaded and loaded
Bi l 6Pbp. 4Sr2Ca&Cu30 phases (see Fig. 9).

Carrier concentration (c') is one of the dominant fac-
tors that control the T, . The Seebeck constant (Q} is ex-
pressed by the following. '

Q =+(k le)[ln(N/c')+ A] .

Here, k, e, and N are the Boltzmann constant, electron
charge, and density of state, respectively; A is a constant.
Thus, c ' is expressed by the following:
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FIG. 11. Changes in the Seebeck coefficient (Ql against
compressive stress (o. ) for the low-T, Bi& 6Pb04Sr, Ca2Cu30„
phases.

the electron mean free path is assumed to be constant and
to be equal to the lattice constant of the c axis. Namely,
the larger the stress, the higher the density of state be-
comes, resulting in high T, . On the other hand, since the
excess stress slightly decreases the density, it decreases
the T, .

Figure 9 shows the temperature dependence of the See-
beck coefficient (Q) for the low-T, Bi& 6Pbp 4Sr2Ca2Cu30„
phases that are loaded and unloaded. As compared with
the unloaded sample, the loaded samples under the small
stress show the temperature-independent Seebeck
coefficient. The temperature-independent Q is considered
to be strongly correlated with the electron system. "' If
the correlation among electrons is very strong, the Mott-
Hubbard band must be formed and the half-filled conduc-
tion band is split into two bands.

Based on Eq. (2), the smaller the Q, the higher the car-
rier concentration (c '

) becomes. Figure 10 shows the re-
lationship between Q (Ref. 13) and T,' (Refs. 12 and 14)
for YBa2Cu307 ~ and (La, Ba„)2Cu04, together with
the loaded Bi, 6Pbp ~Sr2Ca2Cu30„phases. The lower the

Q, the higher the T; becomes for the high-T, oxides.
The Bi, 6Pbp4Sr2Ca2Cu30„phases show the small Q.
Figure 11 shows change in the Q against the compressive
stress. The small stress decreases Q rapidly. The excess
stress slightly increases Q. Thus, the Q change in Fig. 11
coincides with the T, change in Figs. 2 and 3.

Since the small stress decreases Q and increases N, the

FIG. 12. Changes in reduced carrier concentration (C /Co )

against compressive stress (o.) for the low-T,
Bi~ 6Pbp 4Sr2Ca2Cu30„phases. C is the carrier concentration
at different loads. Co is for the unloaded sample.

large value of c' is obtained by the small compressive
stress by use of Eq. (2). Figure 12 shows the c' change
against the compressive stress. The c' change approxi-
mately agrees with the T, change (see Figs. 2 and 3).
Namely, the higher the carrier concentration, the higher
the T, becomes for the loaded Bi& 6Pbp4Sr2Ca2Cu30„
phases.

Since the band gaps for the high-T, oxides are smaller
than those of the semiconductors, A is about zero.
Furthermore, the high-T, oxides show small Q. The ex-
ponential term in Eq. (2) is about 1. Thus, we suggest
that c' is mainly dominated by the density of state (N)
for the high-T, oxides.

IV. CONCLUSION

The effect of compressive stress on T, is studied for the
low- T Bi

& 6Pbp 4Sr2Ca2Cu30 phase. Although the
stress decreases T, of the high-T, sample, the small
compressive stress increases T, of the low-T, phase. The
maximum T; is about 113.6 K at 3.92 Nlmm of the
low-T, phase (T; =96.2 K before the loading). It is
larger than the unloaded value (109.3 K) of the high-T,
Bi, 6Pbp4Sr2Ca2Cu30, sample. Based on the results of
the x-ray diffraction, electrical resistivity, and Seebeck
effect, we conclude that the high carrier concentration
and the crystal perfection of the lattice ordering enhance
the T, value.
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